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We experimentally demonstrate control over the group delay of narrow-band (quasi continuous wave) 
terahertz (THz) pulses with constant amplitude based on optical switching of a metasurface characteristic. 
The near-field coupling between resonant modes of a complementary split ring resonator pair and a 
rectangular slit show an electromagnetically induced transparency-like (EIT-like) spectral shape in the 
reflection spectrum of a metasurface. This coupling induces group delay of a narrow-band THz pulse around 
the resonant frequency of the EIT-like spectrum. By irradiating the metasurface with an optical excitation 
pulse, the metasurface becomes mirror-like and thus the incident narrow-band THz pulse is reflected 
without a delay. Remarkably, if we select the appropriate excitation power, only the group delay of the 
narrow-band THz pulse can be switched while the amplitude is maintained before and after optical 
excitation. 

Terahertz (THz) technologies have rapidly developed in the last two decades 1 . Recently, the possibility of THz 
applications has spread to various research fields and industries, e.g. medical diagnosis 2 " 7 , drug inspection 8 , 
security applications 9 , chemical analysis 10,11 , etc. In particular, THz technology is extremely important for 
wireless telecommunications 12 . Higher speed is critical for wireless communications and the THz frequency 
region is promising for this purpose. However, there are few optical components available in the THz region. 
Although spectral filters 13 " 15 , waveguides 1617 , and polarization components 1819 have been developed thus far, 
optical components based on new concepts are critically needed. 

For wireless communication applications, optical components that can temporarily control THz waves are 
extremely important. Many attempts to slow down the speed of THz pulses have been reported. An analog of 
electromagnetically induced transparency (EIT) is a very promising approach for slow-light implementations. 
Although EIT was originally conceived as a quantum phenomenon that occurs through destructive interference 
between two radiative transitions amongst three electron energy levels 20 " 22 , the EIT phenomena can be mimicked 
with two coupled resonators 23 because EIT is essentially a wave phenomenon. Many demonstrations for realizing 
EIT-like phenomena were reported with metamaterial (metasurface) structures using microwaves 24 " 31 , THz 
waves 32 " 45 , and in the near infrared region 46 " 55 . Very recently, the optical modulation of the EIT spectrum was 
demonstrated experimentally in the THz region 56 . However, in Ref. 56 a decrease in transparency of the trans- 
mission band, where THz pulses decelerate, was observed along with modulation of group delay of the THz pulses 
by externally irradiating the metasurface. It is important to control group delay of THz pulses while also main- 
taining THz pulse intensity before and after irradiation with external light. 

Here, we propose and experimentally demonstrate that it is possible to control the group delay of a narrow- 
band THz pulse while maintaining pulse intensity through ultrafast optical switching of metasurface character- 
istics. Our metasurface consists of an array of complementary split ring resonators (CSRRs) and rectangular slits 
(RSs) deposited on a gallium arsenide (GaAs) substrate. In the reflection spectrum, the metasurface shows an EIT- 
like spectral shape in which the relatively sharp reflection peak appears within a broad reflection dip, indicating 
that the large group delay for the reflected THz wave is realized around the reflection peak frequency. Here we 
note that the group delay occurs within narrow frequency band about 0.05 THz centered at EIT peak frequency. 
Correspondingly, the time duration of the THz pulse called the "narrow-band THz pulse" in this paper is about 
20 ps. By illuminating the metasurface with optical light, a sufficient density of photo-excited carriers transforms 
the metasurface into a mirror. Therefore, incident narrow-band THz waves are reflected without a delay. In this 
group delay switching process, if we select the appropriate power for optically excited light, the amplitude of the 
THz wave around the EIT peak frequency can be maintained before and after switching. Our proposed technique 
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to control the group delay of narrow-band THz pulses demonstrates 
great potential for a variety of THz applications, in particular for 
wireless communications and THz sensing technologies. 

Results 

Fabrication and design of metasurface. The metasurface used in 
our experiment consists of an array of CSRRs and RSs deposited on a 
640 |im thick GaAs substrate with a refractive index of n GaAs = 3.58 
at around 1.0 THz. A photograph and the geometrical parameters of 
our metasurface are shown in Fig. 1(a). An array of CSRRs and RSs 
was fabricated by a photolithographic technique. In Ref. 56, EIT 
characteristics were observed in transmission spectrum for the 
combination of two split ring resonators (SRRs) and a cut-wire 
(CW) geometry. For incident polarization parallel to the longi- 
tudinal length of the cut-wire and SRR gap, a relatively sharp 
transmission peak was observed within a broad transmission dip. 
On the other hand, in our experiment we require a sharp reflection 
peak within a broad reflection dip. Therefore, we used the combina- 
tion of CSRRs and RS where metallic and non-metallic parts are 
inverted relative to those of SRRs and CW 57 " 59 . According to 
Babinet's principle 60,61 , the transmission or reflection behavior of 
complementary and original structures are interchanged. Since the 
incident electric and magnetic fields should also be interchanged, in 
our experiment the incident polarization is perpendicular to the 
longitudinal length of the RS and CSRR gap. The relation between 
the incident polarization and metasurface structure is depicted in 
Fig. 1(b). 

Measurement of reflection spectra of metasurface and switching 
the characteristic of metasurface with optical light. We measured 
the waveform of THz waves reflected from the metasurface using 
reflection-type THz time-domain spectroscopy 62 . This measurement 
allows us to obtain the waveform of a terahertz wave directly in the 
time domain, indicating that we can obtain both amplitude and 
phase information of the reflected THz wave simultaneously. The 
optical configuration around the metasurface is shown in Fig. 2. The 
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incident terahertz wave was emitted from a 3-mm-thick ZnTe (110) 
crystal illuminated by a femtosecond optical pump pulse (100 fs, 
150 uj/pulse at 800 nm with an 1 kHz repetition rate). The emit- 
ted THz wave was focused on the metasurface with an incident angle 
of 15 degrees. THz waves reflected from the sample were collected 
and refocused on a detector plate (a 3-mm-thick ZnTe (110) crystal), 
which was illuminated by an optical gate pulse to measure the electric 
field amplitude through the electro -optic sampling technique 63 . The 
time variant electric field amplitude of the reflected THz waves was 
measured by changing the delay time of the gate pulse with respect to 
the pump pulse. The intensity and phase shift spectra of the reflected 
THz wave in the frequency domain can be obtained by performing a 
Fourier transform of the temporal waveform. The period of time 
window in time domain signal is about 55 ps, so that the spectral 
resolution of our experiment is about 0.018 THz. For switching the 
reflection characteristics of the metasurface, the optical excitation 
pulse, which was also divided from the pump pulse, illuminated 
the metasurface at normal incidence 40 ps before the THz wave. 
As the carrier lifetime in GaAs is several tens of picoseconds, the 
majority of the photoexcited carriers are present during THz wave- 
form measurements, and so the refractive index of GaAs can be 
considered to be constant during this time. Photo-excited electron- 
hole pairs induce a change in refractive index of the GaAs substrate, 
and therefore change the reflection spectrum since the reflection 
characteristic of the metasurface depends on the refractive index of 
the substrate. 

First, we measured the reflection characteristics of our metasur- 
face. Figure 3 shows the measured reflectance spectra for various 
excitation power densities between p exc = 0.00 and 6.40 uj/cm 2 . In 
Fig. 3, we took the THz wave signal reflected from gold mirror as a 
reference and plot the ratio of reflected power between the sample 
and reference. When p exc = 0.00 uj/cm 2 (black line), a clear sharp 
reflection peak is observed at 0.48 THz, which is located within the 
relatively broad reflection dip ranging from 0.4 to 0.6 THz. Such a 
spectral shape is a typical characteristic of EIT-like phenomenon. 
The reflectance at 0.48 THz decreases and simultaneously the 
reflection peak broadens with increasing p exc from 0.00 to 2.56 uj/ 
cm 2 . Further increasing the power causes the reflectance at 0.48 THz 
to increase again, reaching 0.8 forp exc = 6.4 |ij/cm 2 , which is com- 
parable to that forp exc = 0.00 uj/cm 2 . This spectral change is attrib- 
uted to a change in dielectric constant in the GaAs substrate induced 
by photo -excited carriers. As the photo -excited carrier density 
increases, the plasma frequency in GaAs increases and exceeds the 
observed frequency range. Therefore, GaAs begins to behave in a 
similar way as a metal. Consequently, the metasurface behaves as a 
flat metal surface. These results indicate that the reflectance at 




Figure 1 | Photograph and schematic of metasurface on GaAs substrate, 
(a) A photograph of our metasurface, with a unit cell consisting of 
rectangular slits sandwiched between two complementary split ring 
resonators. Geometrical parameters are also shown in the figure, (b) 
Schematic of the optical configuration of the incident terahertz wave and 
the metasurface. 
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Figure 2 | Terahertz wave reflection measurement. Schematic of the 
optical configuration of our experiment. 
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Figure 3 | Reflection spectra of metasurface. Reflection spectra are shown 
for various levels of photoexcitation power. The excitation pulse timing 
with respect to the incident terahertz wave was —40 ps. 

0.48 THz changes only slightly with and without irradiation of an 
excitation pulse of p exc = 6.4 uj/cm 2 . 

Here, we briefly mention the peak frequency of the EIT-like spec- 
trum. With increasing excitation pulse power from 0.00 to 1.92 uj/ 
cm 2 , the peak frequency shifts slightly to higher frequencies. Such a 
blue-shift in the resonant frequency of the metasurface structure was 
observed in previous studies 64 . Reference 64 attributes this blue- shift 
to an increase in carrier concentration in GaAs, resulting in a change 
in complex permittivity in the THz region. In particular, the rela- 
tively high value of the imaginary part of the permittivity plays an 
essential role in the blue-shift characteristic. In Ref. 64, carrier con- 
centration is estimated from the irradiated optical density to cal- 
culate the complex permittivity of GaAs. Using the estimated 
carrier concentration, the resonance frequency of the metasurface 
was simulated and a characteristic blue-shift was observed, consist- 
ent with experimental results. 

Measurement of phase shift and group delay spectra of meta- 
surface and switching the characteristic with optical light. Next, 
we describe the phase shift and group delay spectra. In addition to 
measuring reflectance, we were also able to retrieve phase infor- 
mation of the reflected THz wave through THz time- domain 
spectroscopy. In general, the phase shift spectrum is derived by 
0 S am - 0 re f, where 0 sam is the phase spectrum of the reflected THz 
wave from the sample and 0 re f is that from a reference material, 
typically a metal mirror as used in Fig. 3. However, for reflection 
measurements, the accuracy of the absolute value of the phase is 
always a serious problem because the reference mirror cannot be 
located in the same position as the sample material. Thus, in order 
to avoid deviations caused by replacement, we adopted the phase 
spectrum of the THz wave reflected from the sample metasurface 
as a reference when irradiated by optical excitation pulses withp exc = 
6.40 |ij/cm 2 . As determined from the reflection spectrum in Fig. 3, 
since the reflectance at p exc = 6.40 uj/cm 2 is more than 80% over 
broad frequency region, and therefore the metasurface can be largely 
regarded as a flat mirror, it is appropriate to use the signal as a 
reference. 

Figure 4(a) shows phase shift spectra of reflected THz waves from 
the metasurface with various p exc . When p exc = 0.00 |ij/cm 2 , the 
spectral shape characteristic of EIT-like phenomenon is observed. 
A relatively linear and steep gradient is observed around 0.48 THz 
where a resonant reflection peak is observed in Fig. 3. The phase shift 
spectrum broadens with increasing p exc , and becomes almost flat for 
Pexc = 3.84 uj/cm 2 . From these phase shift spectra, we can calculate 
the group delay t g as shown in Fig. 4(b). Whenp exc = 0.00 uj/cm 2 , a 



group delay of about 1 ps can be observed at 0.48 THz. This group 
delay decreases with increasing p exc , and becomes almost zero in the 
entire frequency range forp exc = 3.84 uj/cm 2 . 

Discussion 

From the measured reflectance spectra in Fig. 3 and group delay 
spectra in Fig. 4(b), the behavior of the reflected narrow-band THz 
wave with and without excitation pulses can be explained from the 
viewpoint in time domain as follows. The followed explanation is 
based on the reversible principle of the Fourier transform from time 
domain and frequency domain and vice versa. When a narrow-band 
THz pulse (orange line in Fig. 5), with a peak frequency of 0.48 THz 
and a bandwidth of about 0.05 THz, is incident on the metasurface, it 
is reflected with a group delay of about 1 ps (green line in Fig. 5). 
When the excitation pulse is irradiated externally, the metasurface 
becomes a metallic mirror, and correspondingly the incident nar- 
row-band THz wave is reflected back without any group delay (blue 
line in Fig. 5). Note that the reflectance of the narrow-band THz 
pulse does not change substantially, indicating that we can control 
only the group delay of the THz pulse without influencing pulse 
amplitude. 

In conclusion, we have shown that the group delay of narrow-band 
THz pulses reflected from a metasurface can be switched by optically 
pumping a metasurface with an EIT-like reflection spectrum. By 
illuminating the metasurface with an optical pulse, we can change 
the characteristic of the metasurface to that of a mirror. Therefore, 
the EIT-like phenomenon disappears, resulting in narrow-band THz 
pulse reflection without delay. Remarkably, in this process only the 
group delay of the narrow-band THz pulse is switched while 
the reflection amplitude is maintained when the pump power of 
the optical light is appropriately selected. Our proposed technique 
for controlling group delay of narrow-band THz pulses enables tem- 
poral control for a variety of THz applications, in particular for 
wireless communications. 
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Figure 4 | Phase shift and group delay spectra, (a) Phase shift and (b) 
group delay spectra for various levels of photoexcitation power. 
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Figure 5 | Group delay switching of a narrow-band THz pulse. Schematic 
of optical switching of the group delay for a narrow-band THz pulse. 

Methods 

Terahertz time domain spectroscopy with optical excitation pulse. To measure the 
waveform of THz waves reflected from the metasurface, we conducted reflection- type 
THz time-domain spectroscopy combined with the optical pulse to switch the 
characteristic of the metasurface. By using this spectroscopy, we can obtain the 
waveform of a terahertz wave directly in the time domain, allowing us to obtain both 
amplitude and phase information of the reflected THz wave simultaneously. The 
incident terahertz wave was emitted via optical rectification in a 3-mm-thick ZnTe 
(110) nonlinear crystal illuminated by a 100 fs optical pump pulse with a beam power 
of 150 uj/pulse at 800 nm delivered from a 1 kHz repetition rate Ti:sapphire 
regenerative amplifier (Spectra Physics, Spitfire-Pro-TUlk-E). The emitted THz 
wave was focused with a 50-mm focal-length THz lens (Pax Co., Tsurupica) onto the 
metasurface with an incident angle of 15 degrees. THz waves reflected from the 
metasurface were collected and refocused with a 50-mm focal-length THz lens on a 3- 
mm-thick ZnTe (110) crystal, which is illuminated by the gate pulse separated from 
the pump pulse, to detect the reflected THz field via electro-optic (EO) sampling. The 
time-domain waveform of the reflected THz wave was measured by recording EO 
signal with varying the delay time of the gate pulse with respect to the pump pulse. 
The intensity and phase shift spectra of the reflected THz wave in the frequency 
domain can be calculated by performing a Fourier transform of the measured 
temporal waveform. To switch the reflection characteristics of the metasurface, the 
optical excitation pulse, which was also divided from the pump pulse, illuminated the 
metasurface at normal incidence. The beam diameter of the optical excitation pulse 
was 8 mm, which could cover the THz beam diameter of about 3 mm at the 
metasurface. All measurements were performed at room temperature. 
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